Polychlorinated biphenyl (PCB)-degradative genes, under the control of a constitutive promoter, were cloned into a broad-host-range plasmid and a transposon. These constructs were inserted into a surfactant-utilizing strain, Pseudomonas putida IPL5, to create a field application vector (FAV) Previously developed FAVs based on the surfactant-degrading strain Pseudomonas paucimobilis IGP4 (subsequently reclassified as Sphingomonas paucimobilis) containing plasmidencoded PCB-degradative genes (bphABC) were shown to degrade PCBs in artificially contaminated moist agricultural soil (Aroclor 1242). Pure-culture experiments indicated instability of the plasmid-encoded genes, and efforts to insert transposon-encoded genes in this strain were not successful. The effect of PCB gene stability on treatment performance was not determined (19) .
Polychlorinated biphenyl (PCB) bioremediation is problematic since commercial Aroclors contain 30 to 40 individual congeners, most of which are poor growth substrates for microorganisms. Some naturally occurring microorganisms cometabolize PCB via the biphenyl degradation pathway. Four genes (bphABCD) encode the enzymes which convert biphenyl or PCB to the corresponding benzoic or chlorobenzoic acid (22) . Individual strains have been isolated with broad-substrate-specificity enzymes able to degrade most of the PCB congeners present in Aroclors 1242 and 1248 (2) . However, the effectiveness of soil treatment using these strains is limited by the low water solubility of PCB. Biphenyl, which is the normal cosubstrate for PCB degradation, is difficult to apply because of its low water solubility and sorption and is environmentally undesirable because of its human toxicity.
Field application vectors (FAVs), which are a combination of a selective substrate, a host, and a cloning vector, have been developed for the purpose of expressing foreign genes in nonsterile, competitive environments (18) . FAVs which utilize a surfactant as the growth substrate have been developed previously for the degradation of PCBs (19) . In this approach, a temporary niche is created for the host organism by the addition of the surfactant to the PCB-contaminated soil. The surfactant supports the growth of the added strain but is unavailable to most naturally occurring microorganisms. By the use of constitutive promoters upstream of the cloned PCB-degradative genes and the use of a surfactant as the growth substrate, both growth and PCB gene induction are decoupled from biphenyl.
Previously developed FAVs based on the surfactant-degrading strain Pseudomonas paucimobilis IGP4 (subsequently reclassified as Sphingomonas paucimobilis) containing plasmidencoded PCB-degradative genes (bphABC) were shown to degrade PCBs in artificially contaminated moist agricultural soil (Aroclor 1242). Pure-culture experiments indicated instability of the plasmid-encoded genes, and efforts to insert transposon-encoded genes in this strain were not successful. The effect of PCB gene stability on treatment performance was not determined (19) .
Research on the development and testing of improved FAVs for PCB remediation is reported here. Plasmid-and transposon-based PCB-degradative genes (bphABCD) were constructed and inserted in an alternative surfactant-degrading strain (Pseudomonas putida IPL5). The PCB-degradative abilities of these new FAVs were determined. The effects of PCB gene stability and expression, and competition with indigenous soil populations, on treatment performance were investigated. Experiments were conducted in pure culture and in soil slurries with weathered PCB-contaminated soil from electric power substation capacitor banks.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The bacterial strains and plasmids used in this study are described in Table 1 . Culture conditions were as described previously (19) . Escherichia coli strains were grown on glucose-supplemented Luria-Bertani medium. P. putida IPL5 was cultured at 27°C on the nonionic surfactant Igepal CO-720 (IGP; Aldrich Chemical Co., Milwaukee, Wis.) added at a concentration of 0.2% (wt/vol) to PAS medium (6) . For recombinant P. putida IPL5 strains, a tetracycline concentration of 25 p,g/ml was used.
Prior to stability, enzyme assay, and soil treatment experi- (19, 22) . This colorimetric assay is subsequently referred to as bphC activity. Recombinant DNA methods and matings. The methods used for plasmid extraction, restriction mapping, digestion, ligation, and transformation were described previously (5, 15, 19, 21 (19) .
The locations and orientations of Kp-bphABCD in these constructs were determined by restriction mapping. The completed molecular construction of pPCB and TnPCB and the ultimate origins of all sequences are summarized in Fig. 1 Tn5 (E-coII)
Igbp (4) [R6-5(EcoII)) (8, 30) lW(p (4) Stability. The stabilities of the inserted genes in the recombinants were determined following growth in the absence of tetracycline selection (19) . The percentage of colonies maintaining tetracycline resistance and PCB-degradative activity was determined as described above. The presence of individual genes or plasmids in replicate streaks of individual colonies on 0.2% IGP-PAS and 0.2% IGP-PAS tetracycline agar was determined by using gene probes. IPL5 isolates containing plasmids pCL1 and pPCB were probed with a 6.7-kb EcoRI fragment containing the bphA2BC genes ( Fig. 1) excised from the gel and purified by separation through a Spin-X column (Costar Corporation, Cambridge, Mass.). After ethanol precipitation, the DNA was labeled with digoxigenin in a random-primed reaction with the Genius DNA labeling system (Boehringer Mannheim Biochemicals, Indianapolis, Ind.), using manufacturer protocols. Colony hybridizations were performed at 65°C. Detection of the digoxigenin hybrids was with an anti-digoxigenin antibody-linked alkaline phosphatase and either a colorimetric or a chemiluminescent assay (using manufacturer protocols).
Enzymatic activity and congener specificity. Comparative rates of conversion of 2,3-dihydroxybiphenyl to the yellow meta cleavage product 2-hydroxy-6-oxo-6-phenyl-hexa-2,4-dienoic acid by 2,3-dihydroxybiphenyl dioxygenase were determined by using whole-cell assays of individual IPL5 recombinants. Cells were suspended in Na/K phosphate buffer (pH 7.0, 50 mM) with 0.11 mM 2,3-dihydroxybiphenyl. The increase in absorption at 434 nm was measured photometrically (16, 27) . The maximum absorbances achieved from known concentrations of 2,3-dihydroxybiphenyl incubated with IPL5(pPCB) under the same conditions were used to produce a standard curve for the meta cleavage product. Enzymatic activity was normalized for both protein content determined by the microbiuret procedure (23) 
RESULTS
Stability. The stabilities of the plasmid-encoded tetracycline resistance in strains IPL5(pCL1) and IPL5(pPCB) in the absence of tetracycline selection are indicated in Table 2 . On average, plasmid loss was twofold greater in IPL5(pPCB) than in IPL5(pCL1), but for both strains, these results were highly variable. The observed plasmid loss rate of 7.4% per cell division for IPL5(pPCB) is equivalent to a starting culture with 1.5 x 106 cells per ml, all of which are tetracycline resistant, growing to a final concentration of 1.5 x 109 cells per ml, 26% of which are tetracycline resistant. Probing of individual IPL5(pCL1) isolates with the pCL1 plasmid indicated that all isolates that maintained tetracycline resistance also maintained the plasmid. Tetracycline-sensitive isolates did not probe positive. Tetracycline-resistant isolates of IPL5(pPCB) probed positive with both the pCL1 plasmid and bphA2BC gene probes and produced the yellow meta cleavage product when sprayed with 2,3-dihydroxybiphenyl. Tetracycline-sensitive isolates did not probe positive with either gene probe or produce the yellow metabolite when sprayed with 2,3-dihydroxybiphenyl. Reselection and isolation of IPL5 strains containing plasmids pCL1 or pPCB under the same conditions did not result in cultures exhibiting improved stability. Strain IPL5::TnPCB exhibited no loss of tetracycline resistance in the absence of selection. Some isolates in the initial culture did, however, exhibit some loss of bphC activity. These isolates did not probe positive with the bphA2BC genes. Cultures of IPL5::TnPCB, derived from isolates which exhibited bphC activity and tetracycline resistance in the absence of tetracycline in the initial stability test, did not lose tetracycline resistance or bphC activity in subsequent stability experiments.
Enzymatic activity and congener specificity. The activity of bphC as determined by whole-cell assays was approximately twice as great in IPL5(pPCB) than in IPL5::TnPCB (Table 2) . No yellow meta cleavage product was produced by the control strain IPL5(pCL1). In resting cell assays, IPL5(pPCB) exhibited degradative activity against 25 of the 33 congeners present in Aroclor 1248 ( (Table 3) . No PCB degradation was observed in uninoculated slurries or slurries inoculated with IPL5(pCL1), and no strains isolated from the uninoculated treatment grew well on the 0.2% IGP-PAS agar plates (data not shown).
The rate of PCB degradation is indicated by time course concentrations of congener 2,3,2',5'-tetrachlorobiphenyl in the same soil slurries (Fig. 2) . Growth of strain IPL5 and the proportion of the same strain maintaining tetracycline resistance are also indicated. For both IPL5(pPCB) and IPL5:: TnPCB, most of the observed PCB degradation occurred by 18 days. All three recombinants increased from approximately 105 cells per ml to greater than 109 cells per ml in 3 to 4 days and then declined to approximately 105 cells per ml by 32 days. The initial growth rate of the stability-selected strains in soil treatment II appeared higher than that observed for the same strains in treatment I. In soil slurries inoculated with IPL5(pPCB) or IPL5::TnPCB, PCB degradation corresponded to cell growth.
The inserted tetracycline genes in strain IPL5::TnPCB were more stable than they were in IPL5(pPCB). However, in the initial soil treatment experiment for IPL5::TnPCB (Fig. 2E ) after 32 days, 12% of the cells had lost bphC activity. After subsequent selection in the absence of tetracycline and reisolation, this strain exhibited stability for both tetracycline resistance and bphC activity in soil treatment II (Fig. 2F) . Only one isolate in 700 colonies exhibited loss of bphC activity. Strain IPL5(pPCB) was less stable than IPL5::TnPCB and highly variable between replicate experiments (Fig. 2C and D) . The amount of PCB degraded was significantly higher (66.5 versus 17.5% degradation for congener 2,3,2',5'-tetrachlorobiphenyl) in soil treatment I in which plasmid stability was greater. Degradation of this congener was more consistent between treatments for IPL5::TnPCB (51.2 versus 45.3%). Similar results were observed for both strains for the other PCB congeners (Table 3 ). The growth of control strain IPL5(pCL1) and plasmid maintenance ( Fig. 2A and B) were similar to those of strain IPL5(pPCB), but no PCB degradation was observed.
DISCUSSION
The entire PCB-degradative operon (bphABCD) was successfully inserted into P. putida IPL5 on a broad-host-range plasmid (pPCB) and a transposon (TnPCB) as indicated by conversion of 2-chlorobiphenyl to 2-chlorobenzoic acid by the recombinant strains. A FAV previously developed by using P. paucimobilis IGP4 contained the PCB-degradative genes (bphABC) on a broad-host-range plasmid but lacked the bphD gene (19) . Further development of PCB-degradative FAVs was conducted by using P. putida IPL5 since efforts to insert transposon-based genes into strain IGP4 were not successful. The effect of bphD addition on the PCB-degradative activity of the recombinants cannot be determined by comparison of these two studies since the PCB-degradative constructs (with and without bphD) were not inserted in the same strain.
The recombinant IPL5 strains were able to effectively express the PCB-degradative genes, resulting in a pattern of congener degradation similar to that observed in the original soil isolate Pseudomonas sp. strain ENV307 (19, 25) (3) by using the same gas chromatography conditions. Determined by comparison with perchloric acid-killed controls. Levels of apparent degradation less than 15% are not reported (3) . d Determined by comparison with initial soil concentrations. Levels of apparent degradation that are less than 15% or not statistically significant at the 90% level (t test) are not reported. Soil treatment I consisted of inoculation with the original recombinant strains. Soil treatment II consisted of inoculation with the same recombinant strains after further selection for stability in the absence of tetracycline.
e NA, not applicable since congeners are not detectable in the soil or soil slurries.
concentration (4 orders of magnitude) of the recombinant strains, and the lack of surfactant-degrading strains in the uninoculated soil slurries, indicates that competition with the indigenous populations was minimal. Since PCB degradation via the biphenyl degradation pathway is not expected to be adaptive in the absence of biphenyl or lower-molecular-weight PCB congeners, there is no mechanism for selection of this genetic capability in many weathered PCB-contaminated soils. Enrichment and gene probing of the PCB-contaminated electric power substation soil used in this study indicated a lack of indigenous populations competent for biphenyl or PCB degradation (20) . In the absence of biphenyl amendment, there are limited options available for selection of the biphenyl degradation pathway. Antibiotics commonly used in the laboratory are unsuitable for field use because of cost, the presence and/or rapid evolution of antibiotic-resistant strains in the environment, and regulatory constraints on the widespread use of medicinally important antibiotics. For these reasons, the stability of desirable genetic capabilities in the absence of selection is important in determining the effectiveness of many potential environmental applications of recombinant organisms.
Individual IPL5(pPCB) isolates tested for both metabolic activities and the presence of the corresponding genes indicated that the loss of tetracycline resistance, PCB-degradative activity (bphC-mediated meta cleavage of 2,3-dihydroxybiphenyl), the tetracycline resistance gene, and the PCB-degradative genes (bphA2BC) occurred simultaneously. This suggests that loss of PCB-degradative activity was due to segregative plasmid loss rather than gene deletions or mutations. A similar pattern was observed for IPL5(pCL1), in which loss of tetracycline resistance corresponded to plasmid loss. In contrast, for IPL5:: :TnPCB, individual isolates always maintained tetracycline resistance, but loss of PCB-degradative activity sometimes occurred. Loss of this activity corresponded with loss of the PCB-degradative genes. These results indicate that, for IPL5:: TnPCB, the loss of PCB-degradative activity resulted from deletions, rather than mutations, of the PCB genes. Fig. 2E and F) . Similar improvements were not observed for IPL5 strains containing the plasmids pCL1 or pPCB.
The importance of stability in the performance of FAVs is indicated by a comparison of soil treatments I and II inoculated with IPL5(pPCB). When the PCB-degradative plasmid was maintained (Fig. 2C) , PCB degradation was three times as high as when stability was low (Fig. 2D) (22) in which the effect of biphenyl induction on PCB degradation was determined in resting cell assays using the naturally occurring strain LB400 (containing PCB-degradative genes identical to those used in this study). Biphenyl-induced cells degraded twice as much of some congeners as the uninduced cells; for other congeners, the induced cells degraded in the range of 40 to 85% of the specific congeners, while no degradation was observed in the uninduced cells. The effect of induction tended to be more dramatic for the higher-molecular-weight congeners. A similar pattern observed with the IPL5 recombinants indicates a higher level of PCB-degradative enzymes in IPL5(pPCB) than in IPL5::TnPCB. In both recombinant strains, expression is from the promoter of the kanamycin gene. The higher level in IPL5(pPCB) may be due to the presence of two or more plasmid copies.
The importance of the level of PCB-degradative activity is indicated by comparison of the IPL5(pPCB)-inoculated soil slurry in which stability was high ( Fig. 2C; Table 3 ) and the slurries inoculated with IPL5::TnPCB ( Fig. 2E and F; Table 3 ). In this case, degradation was significantly greater (t test, 95% level) for strain IPL5(pPCB) than for IPL5::TnPCB and may be attributable to higher PCB-degradative activity per cell.
Higher levels of expression may result in more effective channeling of carbon and energy from the surfactant into the production of PCB-degradative enzymes. Higher expression may be achieved by the use of constitutive Pseudomonas promoters or higher-copy-number plasmids. Higher-copynumber plasmids may also serve to minimize segregative plasmid loss. Ultimately, the most effective alternative may be regulation of PCB gene expression by using the promoter of the surfactant degradation genes.
Excess overexpression of nonadaptive pathways may result in a decrease in the growth rate of recombinant organisms. This would exert considerable selective pressure against gene maintenance. At the current level of expression of the biphenyl degradation pathway in the IPL5 recombinants, there is no clear indication that channeling of carbon and energy from the surfactant into the production of PCB-degradative enzymes is resulting in a decrease in growth rate (Fig. 2) . Establishing an effective balance between growth and gene expression is an important theoretical and practical concern for environmental applications of FAVs.
Biodegradation rates of hydrophobic contaminants may be limited by their aqueous solubilities. Previous studies have indicated that additions of surfactants to contaminated soils at concentrations greater than the critical micelle concentration result in contaminant solubilization. However, the effect of contaminant micellization on bioavailability appears to be very complex and in some cases can result in substantial inhibition of degradation (17) . The use of microbial strains which can degrade both the surfactant and the contaminants may overcome these limitations. Surfactant-based soil washing systems have been developed for the removal of hydrophobic contaminants from soils (1, 29) . The coupling of surfactant-based FAVs with soil washing systems may be effective for both contaminant removal and destruction.
